background: Insulin resistance (IR) and hyperinsulinemia compromise fertility in females and are well-recognized characteristics of anovulatory women with polycystic ovary syndrome. Patients with IR and hyperinsulinemia undergoing ovarian stimulation for IVF are at increased risks of impaired oocyte developmental competence, implantation failure and pregnancy loss. However, the precise underlying mechanism remains unknown.
Introduction
Insulin resistance (IR) and hyperinsulinemia impair female reproduction and play an important role in the pathogenesis of polycystic ovary syndrome (PCOS) leading to reduced fecundity and a significantly increased risk of type 2 diabetes (Dale et al., 1998; Svendsen et al., 2008) . Obesity exacerbates hyperinsulinemia and IR (Homburg, 2002) , affects the oocyte and embryo quality (Igosheva et al., 2010) , and reduces conception (Lintsen et al., 2005) . Lower fertilization and implantation rates, and an increased risk of spontaneous pregnancy loss after IVF occur in insulin-resistant women with PCOS (Cano et al., 1997) . In addition, IR affects the developmental potential of human immature oocytes in PCOS patients, as indicated by impaired oocyte maturation, fewer fertilized oocytes and cleaved embryos (Ludwig et al., 1999; Kovacs and Wood, 2001; Vlaisavljevic et al., 2009) . Fecundity is impaired in insulin-resistant and obese mice regardless of PCOS (Brothers et al., 2010) . The intrinsic quality of oocytes is a key factor that determines female fertility. However, until now the precise cellular and molecular mechanisms by which IR affects the oocyte quality has remained unclear.
Insulin stimulates mitochondrial function and it is a major regulating factor of mitochondrial oxidative phosphorylation (Boirie, 2003) . IR increases ROS formation and impairs mitochondrial function (Kim et al., 2008) . The insulin receptor and insulin signaling have been described in human and mouse oocytes (Samoto et al., 1993; Acevedo et al., 2007) . Mitochondria are the main energy generators within the ooplasm and their activity is closely correlated with the oocyte quality. Dysfunctional mitochondria, such as those with structural, spatial and genetic abnormalities in the oocytes, lead to chromosomal misalignment during meiotic division, and reduce the quality and developmental potential of oocytes. Intracytoplasmatic injection of functional mitochondria can overcome mitochondrial dysfunctions and inhibit oocyte fragmentation (Nagai et al., 2004) . In contrast, injection of abnormal mitochondria induces oocyte apoptosis (Perez et al., 2007) . Thus, in the present study, we hypothesized that mitochondrial dysfunction in oocytes is responsible for low fertility and the high miscarriage rate in hyperinsulinemic and insulin-resistant females. Mitochondria are major sites of ROS production (Chen et al., 2003) ; persistent and elevated generation of ROS causes oxidative stress (OS) (Ihnat et al., 2007) . Maintaining redox homeostasis is important for the generation of high-quality gametes and embryos. On molecular levels, higher ROS can alter several redox pathways and may eventually lead to apoptosis in oocytes and embryos (Agarwal et al., 2008) . During folliculogenesis, important antioxidants such as glutathione (GSH) protect oocytes against toxic injury due to OS. Suppression of GSH synthesis leads to increased rates of antral follicle atresia in rats (Tsai-Turton et al., 2007) . GSH also regulates protein and DNA synthesis by altering the redox status, and participates in microtubule assembly (Deneke and Fanburg, 1989; Luderer et al., 2001) . Interactions between mitochondria and the cytoskeleton influence mitochondrial respiratory activity and inheritance as well as localization of mitochondria, ROS biogenesis and dissemination of mitochondrial apoptotic factors (Boldogh and Pon, 2007) .
The present study employs an insulin-resistant and hyperinsulinemic mouse model to determine whether IR will affect oocyte quality and to explore the underlying mechanism. We found that IR contributed to OS and compromised mitochondrial function in germinal vesicle (GV) and metaphase II (MII) oocytes.
Materials and Methods
All chemicals and culture media were purchased from Sigma Chemical Company (St. Louis, MO, USA) unless stated otherwise.
Care and handling of ICR mice was conducted in accordance with the Animal Research Committee guidelines promulgated by the Ethics Committee of the Institute of Zoology, Chinese Academy of Sciences.
IR and hyperandrogenism mouse model
Female ICR mice (18 -20 g) (age 30 -34 days) were divided into three groups: control, insulin-treated (INS-treated) and insulin-HCG-treated (INS-HCG-treated). The treatment protocol was composed of two s.c.
injections of saline (control mice), insulin (to produce hyperinsulinemia and IR) or insulin plus hCG (to produce hyperandrogenism) each day for 22 days (Lima et al., 2006) . Insulin injections were 0.05 IU until Day 16 after which they were gradually increased, reaching a daily total of 0.8 IU by Day 22 (Poretsky et al., 1992; Lima et al., 2006) . HCG injections were given at 0.075 IU twice a day throughout. To collect GV oocytes, control, INS-treated and INS-HCG-treated mice were primed with 5 IU pregnant mare serum gonadotrophin (PMSG) by an i.p. injection, and 12 or 48 h later, GV oocytes were obtained by manual rupturing of antral ovarian follicles in M2 medium. To collect ovulated oocytes, control and experimental mice were injected with 5 IU hCG (Ningbo, China) 48 h after priming with 5 IU PMSG (Ningbo, China). Oocytes were recovered from oviductal ampullae 14 h after hCG, and cumulus cells were removed by brief incubation in 1 mg/ml hyaluronidase. Prior to oocyte collection, mice were culled by cervical dislocation. Blood samples were taken via cardiac puncture.
Oocytes were arrested at the GV stage in M2 medium supplemented with 2.5 mM milrinone to prevent meiotic resumption during all experiments using live GV oocytes.
IVF and embryo culture
Spermatozoa were collected by squeezing excised the cauda epididymides of ICR male mice into a 600-ml drop of modified human fallopian tube fluid (Irvine Science, Irvine, CA, USA) supplemented with 10% serum protein substitute (SPS; SAGE ART-3010) under mineral oil. Spermatozoa were capacitated in the same medium under mineral oil at 378C, 5% CO 2 in air for 1.5 h. Ovulated oocytes were maintained in human tubal fluid media. Capacitated sperm (1 × 10 6 /ml) were added to cumulus-free eggs (50 eggs in 200 ml capacitated sperm) at 378C, 5% CO 2 in air for 6 h after which oocytes were removed and examined for fertilization. Oocytes with two pronuclei were cultured in KSOM (K Simplex Optimization medium) at 378C, 5% CO 2 in air and examined for blastocysts after 5 days of culture.
Determination of ROS products
To determine the quantity of ROS production, cumulus-denuded GV and MII oocytes were loaded with the oxidation-sensitive fluorescent probe [dichlorofluorescein (DCFH)] by incubation for 30 min at 378C in M2 medium (Sigma, USA) supplemented with DCFH diacetate (DCFH-DA) (2 mM) (Beyotime Institute of Biotechnology, China) (Victor et al., 2009) . Oocytes were washed three times in M2 medium supplemented with bovine serum albumin (BSA) and mounted on glass slides. Fluorescence was measured using fluorescence microscopy (Zeiss LSM510 META) with 450 -490 nm (excitation) and 520 nm (emission) filters. Images were taken at 10 (eye lens) × 20 (objective) × 3 (scan zoom)-fold magnification in an optical cross section through the centre of the oocyte at its largest nuclear diameter. The photographs were analyzed using Image J (Qian et al., 2009; Tripathi et al., 2009) . Firstly, 30 -50 oocytes from each group of the GV or MII stage were mixed with 100 ml of schizolysis solution supplied by the kit for lysis on ice for 1 h; then the supernatants were collected by centrifuging at 11 000 rpm for 10 min at 48C for the following tests. All the operations Maternal insulin resistance and oocyte quality were carried out on ice. Finally, the test tubes containing 100 ml of supernatants and 100 ml of test solutions were placed at room temperature for 20 min. A clear supernatant was removed from each group and stored at 2708C until use. The optical density was determined using a microplate reader (Bio-TEK, USA) set at 560 nm. The samples were run in triplicate and all samples were run in one assay to avoid variation.
Measurement GSH content
The concentrations of total glutathione (T-GSH), oxidized disulfide (GSSG) and reduced GSH were evaluated spectrophotometrically with a commercial assay kit (Beyotime Institute of Biotechnology) based on an enzymatic method according to the manufacturer's instructions. A total of 30 -50 oocytes from each group of the GV or MII stage were mixed with 5 ml of protein scavenger supplied by the kit and vortexed for 5 min; then the mixture was frozen at 2708C for 2 min and thawed at 378C repeatedly for three times. The mixture was centrifuged at 10 000 rpm for 10 min at 48C and put on ice for 5 min for the following tests. To examine the GSSG, we removed GSH with diethyl maleimide, 2-vinylpyridine. We examined the level of GSH and GSSG in only fresh oocytes according to the kit illustrations each time.
Quantification of ATP
The measurement of ATP content in oocytes was performed with a luminometer (Bioluminat Junior; Berthold, Wildbad, Germany) by using a commercial assay kit based on the luciferin -luciferase reaction (Beyotime Institute of Biotechnology), following the procedure described by Combelles and Albertini, (2003) and Chen et al. (2009) and the manufacturer's recommendations. A total of 30 -50 oocytes from each group of GV or MII stage were mixed with 100 ml of schizolysis solution supplied by the kit and vortexed for 1 min on ice for lysis, then the mixture was collected by centrifuging at 12 000 rpm for 10 min at 48C and stored at 2708C until use. A 10-point standard curve (0, 0.01, 0.1, 0.5, 0.75, 1.0, 1.5, 2.0, 2.5 and 5.0 pmol of ATP) and three negative controls were included in each assay. Standard curves were generated and the ATP content was calculated by using the formula derived from the linear regression of the standard curve.
Determination of mitochondrial DNA copy number by quantitative real-time PCR Mitochondrial DNA (mtDNA) quantitative real-time PCR procedures have been described previously (Cao et al., 2007) . The mouse mtDNA-specific primers: B6 forward, AACCTGGCACTGAGTCACCA, and B6 reverse, GGGTCTGAGTGTATATATCATGAAGAGAAT (Shitara et al., 2000; Cao et al., 2007; Wang et al., 2009) were used to prepare the external standard for absolute quantification of mtDNA. PCR products were ligated into the T-vector. Seven 10-fold serial dilutions of purified plasmid standard DNA were made to produce a standard curve. Briefly, one oocyte was loaded in a PCR tube with 5 ml of lysis buffer and incubated at 558C for 2 h. Proteinase K was heat inactivated at 958C for 10 min, and then the samples were used directly for PCR analysis. Quantitative real-time PCR was performed using the ABI system and above-mentioned mouse mtDNA-specific primers. The cycling conditions included an initial phase of 10 min at 958C and 40 cycles of 15 s at 958C and 1 min at 608C. The melting temperature was 76.58C. Linear regression analysis of all standard curves for samples showed a correlation coefficient higher than 0.97. All measurements were performed in triplicates.
Immunofluorescence
For mitochondrial staining or inner mitochondrial membrane potential staining, live denuded oocytes were cultured in M2 medium containing 200 nM MitoTracker Red (Molecular Probes, Eugene, OR, USA) or 2 mM JC-1 fluorochrome (Beyotime Institute of Biotechnology) for 30 min at 378C, 5% CO 2 in air (Gualtieri et al., 2009) . After washes, oocytes were still incubated in M2 medium and analyzed by fluorescence microscopy at 378C, 5% CO 2 in air (Zeiss LSM510 META). An image was taken at 10 × 20 × 2-fold magnification in an optical cross section through the centre of the oocyte at its largest nuclear diameter. For spindle and chromosome analysis, oocytes were fixed with 4% paraformaldehyde for 30 min and then permeabilized with 0.5% Triton X-100 for 20 min. After blocking in 1% BSA-supplemented phosphate-buffered saline (PBS) for 1 h, samples were incubated for 2 h at room temperature with fluorescein isothiocyanate-conjugated a-tubulin antibody (1:200) to visualize microtubules in the spindle. Chromosomes were evaluated by co-staining with 4 mM To-Pro-3-iodide (Molecular Probes) for 10 min. Samples were examined under a laser scanning confocal microscope (Zeiss LSM510 META). The filter used was LP 505, and the lasers for observing the chromosomes and the spindle were ultraviolet and FITC, respectively. An image was taken at 10 × 40 × 2-fold magnification in an optical cross section through the centre of the oocyte at its largest nuclear diameter.
Annexin-V staining of oocytes
Staining was performed with an Annexin-V staining kit according to the manufacturer's instructions (Beyotime Institute of Biotechnology). Briefly, live oocytes were washed twice in PBS and stained for 10 min in the dark with 195 ml of binding buffer, which contained 5 ml of Annexin-V-FITC. Fluorescence was measured using fluorescence microscopy (Zeiss LSM510 META) with 450 -490 nm (excitation) and 520 nm (emission) filters.
Evaluation of cortical granule distribution by confocal laser scanning microscopy
Denuded oocytes were fixed with 4% (w/v) paraformaldehyde for 30 min at room temperature. After a 5-min treatment in PBS containing 0.1% Triton X-100, oocytes were washed two times in PBS. To label cortical granules (CGs), oocytes were cultured in FITC-labeled peanut agglutinin (100 mg/ml) M2 medium for 30 min in a dark box. The nuclear status of the oocytes was evaluated by staining with 10 mg/ml propidium iodide in PBS for 10 min. Finally, observation was performed using a laser scanning confocal fluorescent microscope (Zeiss LSM510 META) with 488 nm (excitation) and 543 nm (emission) filters. An image was taken at 10 × 20 × 2-fold magnification in an optical cross section. Scans were taken through the equatorial plane of the oocyte. Each treatment was repeated at least three times.
Radioimmunoassay
Testosterone, estradiol (E 2 ), LH and insulin were measured in all samples by radioimmunoassay (RIA), after hexane:ethyl acetate (3:2) extraction and celite column partition chromatography, as described previously (Butler, et al., 2004) . The RIA for each analyte used an iodinated radioligand in conjunction with a highly specific antiserum. After a 14 -16 h incubation period, a second antibody was used to separate the antibody-bound from the unbound steroid. The intra-assay and inter-assay coefficients of variation ranged from 5 to 9% and 11to 14%, respectively, at low, medium and high levels of the five different steroid hormones in quality control (Lima et al., 2006) .
Statistical analysis
Image processing was performed using an laser scanning microscopes Image Browser. Data (mean + SEM) were from at least three replicates per experiment and analyzed by analysis of variance using SPSS software (SPSS Inc., Chicago, IL, USA) followed by the Fisher's least significant difference test. The number of oocytes observed was denoted in parentheses as (n). Difference at P , 0.05 or P , 0.01 were considered to be statistically significant and different superscripts indicate the statistical difference.
Results

Establishment of the IR and hyperandrogenism mouse model
To explore the effect of maternal IR and hyperandrogenism on female fertility, we established an insulin-resistant and hyperandrogenism mouse model through exogenous insulin and HCG injection (Lima et al., 2006) . Table I shows the effects of various treatments on the mouse weight, mean serum levels of insulin, glucose, LH, testosterone and E 2 . The weight, serum insulin, glucose and homeostatic model assessment (HOMA)-IR of INS-treated (n ¼ 15) and INS-HCG-treated (n ¼ 15) mice were higher compared with those in the control (n ¼ 12) (P , 0.05). Although the maternal serum glucose level in the INStreated and INS-HCG-treated groups was higher than that in the control group, the concentration of glucose was within the normal range. The serum testosterone level was significantly elevated in INS-HCG-treated mice compared with that of the INS-treated or the control group. In contrast, the serum E 2 concentration was similar in all groups. These results show that the IR and hyperandrogenism models were successfully established.
Maternal IR decreases the ovarian response during controlled ovarian stimulus, affecting MII oocyte quality and early embryo development
To investigate the effect of IR on ovulation during controlled ovarian stimulus (COH), we examined the incidence of ovulation after injection of PMSG and HCG. As shown in Table II , the ovulation rate and the recovered oocyte number per mouse were significantly reduced during COH in INS-treated and INS-HCG-treated mice compared with the controls. Morphological abnormalities of MII oocytes were examined by stereomicroscopy. We found that 14 and 16.1% of oocytes from INS-treated (n ¼ 257) and INS-HCG-treated (n ¼ 192) mice showed abnormal morphological characteristics (Fig. 1A , black arrowheads), including (a) enlarged perivitelline space, (b) fragmented cytoplasm and (c) degraded polar bodies, which were significantly higher than those in the controls (7.1%, n ¼ 301) (Fig. 1B) . Subsequently, MII oocytes with normal appearance were chosen for further investigation.
The chosen MII oocytes were fertilized in vitro. Compared with the control (Fig. 1C) , the fertilization ability of oocytes, cleavage rates and blastocyst rates in INS-treated and INS-HCG-treated mice significantly decreased (Table II, mice featured embryos with increased fragmentation (Fig. 1D ). Taken together, maternal IR significantly affects oocyte maturation and early embryonic development.
The ROS level abnormally increases in the GV and MII oocytes of insulin-resistant mice
To evaluate OS in oocytes, we measured the level of intracellular ROS. The DCFH-DA fluorescence intensity was significantly higher in the GV oocytes of the INS-treated and INS-HCG-treated groups than that in the control, indicating an augmented production of ROS [ Fig (Fig. 2Dd -f ). We also examined the H 2 O 2 levels in all groups. With the meiotic resumption, the H 2 O 2 level from the GV to MII stages showed a significant increase (GV, 54.2 + 2.4 ng/oocyte versus MII, 67.5 + 1.3 ng/oocyte; P , 0.05). Moreover, the H 2 O 2 level in GV oocytes from the INS-treated (65.6 + 2.0 ng/oocyte) and INS-HCG-treated mice (65.1 + 1.7 ng/oocyte) increased when compared with the control (Fig. 2E) . H 2 O 2 levels further increased in the MII oocytes of INS-treated and INS-HCG-treated mice compared with the control (84.8 + 2.5 and 86.2 + 2.1 versus 67.5 + 1.3 ng/oocyte, control; P , 0.01) (Fig. 2F) .
Antioxidant functions are reduced in oocytes from insulin-resistant mice
We determined whether or not the antioxidant capacity of oocytes was impaired. Figure 3A shows a significantly lower reduced GSH level in GV oocytes of INS-treated (0.92 + 0.03 pmol/oocyte) and INS-HCG-treated (1.04 + 0.045 pmol/oocyte) mice when compared with the controls (1.98 + 0.03 pmol/oocyte). It was followed by decreased GSH/GSSG in the GV oocytes of the INS-treated and INS-HCG-treated groups when compared with the controls (Fig. 3B) . Furthermore, reduced GSH was significantly lower in the MII oocytes of the INS-treated (2.0 + 0.04 pmol/oocyte) and INS-HCG-treated groups (1.94 + 0.06 pmol/oocyte) compared with the control (3.03 + 0.07 pmol/oocyte) (Fig. 3C) . Moreover, MII oocytes from the INS-treated to INS-HCG-treated groups showed a significantly lower ratio of GSH/GSSG compared with the control (P , 0.05) (Fig. 3D) . Together, these results suggest that the antioxidant functions are disrupted in insulin-resistant mice. MII oocytes from insulin-resistant mice show decreased mtDNA
Quantitative real-time PCR was performed on single fully grown GV and MII oocytes. mtDNA copy numbers in GV oocytes in the INStreated and INS-HCG-treated groups showed no difference from those of the controls (362 000 + 27 900 and 365 000 + 23 500 versus 364 000 + 25 800, control; P . 0.05). However, the average mtDNA copy numbers in MII oocytes from INS-treated to INS-HCG-treated mice were significantly decreased compared with the control (346 000 + 13 400 and 354 000 + 13 000 versus 430 000 + 15 200, control; P . 0.05) (Fig. 4) .
Maternal IR and hyperinsulinemia compromise mitochondrial function in GV and MII oocytes
Based on the mtDNA alterations in MII oocytes, we explored whether maternal hyperinsulinemia and IR influenced mitochondrial functions of GV and MII oocytes. Interestingly, we found that the average ATP level in GV oocytes from the INS-treated (0.82 + 0.02 pmol) to INS-HCG-treated mice (0.83 + 0.01 pmol) was significantly higher than that in the control (0.65 + 0.01 pmol). However, no difference between the INS-treated and INS-HCG-treated groups was observed (Fig. 5A ). In contrast, MII oocytes in INS-treated and INS-HCG-treated groups exhibited significantly lower ATP content than the control group (Fig. 5B) .The ATP levels in MII oocytes from the INS-treated to INS-HCG-treated groups were, respectively, 0.67 + 0.02 and 0.69 + 0.01 pmol, while the value was 0.91 + 0.02 pmol in the control group (P , 0.01).
Maternal IR and hyperinsulinemia disrupt mitochondrial redistribution in GV and MII oocytes
Oocyte maturation is accompanied by distribution changes of active mitochondria. The present data show that the majority of the (E) and (F) Intracellular levels of H 2 O 2 in GV and MII oocytes from the control and hyperinsulinemic groups. In A, C, E and F, data are mean + SEM of three replicates, n shows the number of oocytes and different letters indicate statistically significant differences (P , 0.01).
control GV oocytes displayed a homogeneous mitochondrial distribution pattern (68%), while 25.0% showed a perinuclear mitochondrial distribution pattern ( Fig. 6Aa and b and B) 12 h after PMSG treatment. However, clustered mitochondria were observed throughout the cytoplasm in INS-treated (44%) and INS-HCG-treated (47%) GV oocytes ( Fig. 6Ac and b ) resulting in mitochondria occupying most of the oocyte volume. At 48 h of PMSG treatment, 67% of the GV oocytes showed a perinuclear mitochondrial distribution in the control mouse, whereas clustered mitochondrial distribution was found in hyperinsulinemic GV oocytes [INS-treated group (47%); INS-HCG-treated group (41.7%)] (Fig. 6C) . With the completion of meiotic maturation, the polarized mitochondrial distribution in MII oocytes was reduced in the INS-treated and INS-HCG-treated groups when compared with the control group (Fig. 6Da) (30, 31 versus 61% control, P , 0.05), whereas the proportion of the homogeneous distribution (Fig. 6Db ) increased in the INS-treated and INS-HCG-treated groups (43, 38 versus 26%, control, P , 0.05) (Fig. 6E) . Interestingly, the distribution of heterogeneous mitochondria in large clumps (arrow) Fig. 6Cc also increased in the INS-treated and INS-HCG-treated groups compared with the control group (27, 31 versus 13%, P , 0.05) ( Fig. 6Dc and E) . 
Figure 4
The effect of hyperinsulinemia on the mtDNA copy number in single MII oocytes determined by quantitative real-time PCR. Data are mean + SEM from at least three independent experiments, n shows the number of oocytes and different letters indicate statistically significant differences (P , 0.05).
Maternal IR and hyperinsulinemia affect the inner mitochondrial membrane potential in GV and MII oocytes
At an inner mitochondrial membrane potential (△Cm) ,100 mV, JC-1 remain a monomer and emits green fluorescence in the FITC channel (low polarized mitochondria), whereas at △Cm .140 mV, it forms J-aggregates and emits red fluorescence in the rhodamine isothiocyanate channel (high polarized mitochondria) (Reers et al., 1995) . We investigated the high polarization of mitochondria in GV and MII oocytes by examining the relative level of red to green fluorescence emission. Relative inner membrane potential in GV oocytes 48 h after PMSG from the INS-treated (n ¼ 78) and INS-HCG-treated (n ¼ 72) mice sharply increased, compared with the control (n ¼ 70) (2.09, 2.19 versus 1.21, P , 0.01), (Fig. 7A and B) , indicating an increased △Cm. In contrast, relative △Cm in MII oocytes from INStreated (n ¼ 82) to INS-HCG-treated (n ¼ 76) mice sharply decreased, compared with the control (n ¼ 71) (0.76, 0.81 versus 1.66, P , 0.01) ( Fig. 7C and E) , indicating a reduced or collapsed △Cm. In particular, the mitochondria in 93% MII oocytes of the control group showed high polarity in the pericortical cytoplasm. However, 34 and 32% MII oocytes of the INS-treated and INS-HCG-treated groups were characterized by patchy (Fig. 7Ca ) and low-polarized (Fig. 7Cb ) mitochondria in the pericortical cytoplasm, with clustered green fluorescence in the deeper cytoplasm ( Fig. 7Cc and D) . Taken together, these results suggest that maternal IR leads to abnormal △Cm during oocyte maturation.
Maternal IR contributes to early apoptosis of GV oocytes
Annexin-V, a phospholipid-binding protein, detects the translocation of the phospholipid phosphatidylserine (PS) from the inner to the outer cytoplasmic membrane, which is known to occur during the early stages of apoptosis (Martin et al., 1995) . Only the morphologically normal oocytes were analyzed. As shown in Fig. 8Aa and b (arrows), PS cannot translocate into the inner membrane, and oocytes with green fluorescence signals only at the zona pellucida were viable and non-apoptotic. GV oocytes with early apoptosis are characterized by a clear green signal in the oocyte membrane (Fig. 8Ac, arrow) . As shown in Fig. 8B , the early apoptosis rate of GV oocytes 48 h after PMSG from the INS-treated (22.8%, n ¼ 101) to INS-HCG-treated mice (20.2%, n ¼ 94) was significantly higher than that from the control group (4.3%, n ¼ 93). However, there was no difference between the INS-treated and INS-HCG-treated groups.
The results suggest that IR may promote early events associated with apoptosis of GV oocytes.
Maternal IR affects the distribution of CGs in MII oocytes
Systematic comparative studies of the CG redistribution can be a helpful marker to identify oocyte cytoplasmic maturation; a large second CG-free domain (CGFD) is formed in the MII oocytes. We found that in vivo MII oocytes from the hyperinsulinemic mouse model showed higher partial premature CG exocytosis (INS-treated, 23.9%; INS-HCG-treated, 26.7%) than the control oocytes (8.8%) (P , 0.01) ( Fig. 9A and B) .
Maternal IR is associated with abnormal spindles and misaligned chromosomes
Next, we examined the spindle and chromosomes of MII oocytes from the INS-treated to INS-HCG-treated mice by confocal scanning microscopy. As shown in Fig. 10A , most of the MII oocytes in the control group exhibited barrel-shaped spindles and well-aligned chromosomes. However, 16.9 and 18.1% defective spindles were observed in the INS-treated and INS-HCG-treated mice, respectively, compared with 6.7% in the control (Fig. 10B) . The defective spindles include disintegrated spindle poles, additional asters and abnormal spindle shapes ( Fig. 10Aa and b) . Oocytes in the INS-treated (13.6%, n ¼ 78) and INS-HCG-treated (15.5%, n ¼ 93) mice displayed severe defects in chromosome alignment, showing lagging chromosomes and irregularly scattered chromosomes ( Fig. 10Ac and d ), which were considerably higher than in the control group (5.5%, n ¼ 87) (P , 0.01) (Fig. 10B) .
Discussion
This study revealed that IR leads to the imbalance between oxidants and antioxidants associated with OS in the oocyte's cytoplasm and impairs mitochondrial function in oocytes. We created IR and hyperandrogenized mouse models by treatment with insulin alone and by Figure 5 The effect of hyperinsulinemia on ATP levels. (A) GV oocytes and (B) MII oocytes. Data are mean + SEM, n shows number of oocytes and different letters indicate statistically significant differences (P , 0.01).
Maternal insulin resistance and oocyte quality Figure 6 The effect of hyperinsulinemia on the mitochondrial redistribution in GV and MII oocytes. (A) Mitochondrial distribution patterns in GV oocytes detected by fluorescence microscopy using MitoTracker Red: (a) perinuclear distribution, (b) homogeneous distribution and (c) clustered distribution: (B) Proportion of GV oocytes recovered 12 h after PMSG to show each mitochondrial distribution pattern; n shows the number of oocytes; (C) Proportion of GV oocytes retrieved 48 h after PMSG treatment: (D) Mitochondrial distribution patterns seen in MII oocytes recovered 14 h after HCG to show each mitochondrial distribution pattern described in C, (a) polarized distribution, (b) homogeneous distribution and (c) large heterogeneous clump distribution; n shows the number of oocytes: (E) Proportion of MII oocytes recovered 14 h after HCG to show each mitochondrial distribution pattern described in D, n shows the number of oocytes. Bar ¼ 10 mm.
treatment with insulin plus HCG, respectively (Lima et al., 2006) . Simultaneously, we used the mice fed with specific diets (data not presented), and found that the present results from insulin administration were basically the same as the results from the mice fed with specific diets. In addition, due to rapid spontaneous activation during in vitro handling, rat insulin-resistant models are not suitable for studying oocytes in vitro (Ross et al., 2006, Yoo and . Thus, we chose the present insulin-resistant mouse model because of its high performance.
The results from the INS-treated and INS-HCG-treated groups were similar and thus, we propose that hyperinsulinemia, but not hyperandrogenism, may play a key role in impaired developmental potential of oocytes and embryos. Interestingly, GV oocytes from insulinresistant mice showed higher metabolic activity. Conversely, MII oocytes from insulin-resistant mice showed lower mitochondrial metabolic activity. However, both GV and MII oocytes showed OS. Thus the effects of IR are complex and cell-stage specific.
Imbalance between ROS and antioxidant products leads to OS in oocytes of insulin-resistant mice
In a biological system, mitochondria and NADPH oxidase are the major sources of ROS production (Valko et al., 2007) . ROS serves as a key signal molecule in the physiological processes, such as meiotic resumption, but also plays a role in pathological processes such as cell apoptosis and senescence (Agarwal et al., 2005 , Tripathi et al., 2009 . Moreover, the insulin response is amplified by a pro-oxidative shift in the intracellular GSH redox state (Djurovic et al., 1997) . In addition, high insulin can promote H 2 O 2 production (Krieger-Brauer et al., 1997) . Victor et al. (2009) reported the association between IR and an impaired mitochondrial oxidative metabolism, and proposed that OS in leukocytes was responsible for PCOS patients with IR. A markedly increased level of C-reactive protein was found in the follicular environment of obese women and this was often associated with increased ROS and OS, which may be associated with poor oocyte development (Robker et al., 2009) . Thus, IR may contribute to excessive ROS in GV and MII oocytes. The pre- ovulatory follicle has potent antioxidant defenses including the GSH (Jozwik et al., 1999) . The GSH serves as an efficient scavenger and plays a vital role in maintaining oocytes in a reduced environment, protecting them from OS. Overproduction of ROS, decreased GSH and the reduced ratio of GSH/GSSG indicated the progression of OS in IR mice (Goud et al., 2008) . Moreover, mammalian oocytes and embryos are extremely sensitive to OS, and a slightly higher level of OS can disrupt oocyte maturation and embryo development, promoting embryo fragmentation (Liu et al., 2000; Harvey et al., 2002; Van Blerkom, 2011) . The results of the present study are consistent with the idea that OS induces the apoptosis of oocytes in insulin-resistant mice, characterized by lower recovered oocytes and increased embryo fragmentation (Liu et al., 2000) .
Maternal IR disrupts mitochondrial function in oocytes
It has always been debated whether IR may be the primary event that impairs the mitochondrial function, although, very recently, it was demonstrated that IR may promote mitochondrial dysfunction (Sleigh et al., 2011) . Our present results indicate that IR is associated with severely disrupted mitochondrial function in oocytes. Oocyte maturation includes nuclear and cytoplasmic maturation, and the mitochondrial status can be used to estimate cytoplasmic maturation in MII oocytes. Mitochondria are also among the most important organelles in the cytoplasm, and their distribution, △Cm and the capacity of oxidative phosphorylation generating ATP as well as mtDNA copy number play important roles during oocyte maturation (Van Blerkom et al., 2003) .
Reports indicate that sub-normal mtDNA levels could be directly associated with diminished oocyte competence and fertilization failure (Spikings et al., 2007; Mtango et al., 2008) . In addition, preimplantation embryonic mtDNA composition is dependent on the number of oocyte mtDNA copies present at fertilization, because new mtDNA replication is only initiated post-implantation (Cummins, 2002) . Although Wai et al. (2010) reported that the mtDNA number variability in mammalian oocytes did not seem to affect the egg's physiology, our results showed that a decreased mtDNA copy number in MII oocytes was associated with poor oocyte quality and reduced fertilization. At the MII stage, the loss of mtDNA associated with hyperinsulinemia may be due to degradation or autophagy. Moreover, mitochondria in an individual are maternally inherited and are the most abundant organelles in both oocytes and preimplantation embryos. It is proposed that the altered mtDNA copy number in MII oocytes may be implicated in a variety of inherited metabolic diseases in the offspring (Wallace, 2010) . In addition, a significantly decreased mtDNA copy number and OS lead to ATP biosynthesis defects in MII oocytes that are associated with poor oocyte quality, low fertilization rates, and detrimental embryonic development in insulin-resistant mice (Thouas et al., 2004) .
During oocyte maturation, the mitochondrial distribution is an important prerequisite for egg activation, fertilization and embryo development (Brevini et al., 2005) . Decreased ATP supply and OS may lead to abnormal oocyte mitochondrial redistribution and large heterogeneous mitochondrial fragmentation, and thus insufficient energy provided to the nuclei and other organelles, which may be a cause for the retardation of MII oocyte developmental and arrest in insulinresistant mice.
△Cm may be involved in material transport and energy transition. Higher polarized mitochondrial clusters are localized within the pericortical region in maturing oocytes, which is linked to high ATP supply. Blerkom demonstrated that △Cm was related to intercellular contact and communication (Van Blerkom et al., 2006) . Therefore, reduced mitochondrial ATP content and mtDNA may account for low polarity in MII oocytes in insulin-resistant mice.
Furthermore, mtDNA lack histones, making them prone to oxidative injury (Madsen-Bouterse et al., 2010) . Moreover, mitochondria are the major ROS generator, which renders them the first cell organelles to be affected (Carriere et al., 2006) . Maternal hyperinsulinemia leads to OS in oocytes. OS appears to play a major role in mitochondrial dysfunction (Evans et al., 2002) , whereas impaired mitochondria, in turn, produce more ROS, resulting in a vicious cycle.
Taken together, maternal IR contributes to OS and further disrupts mitochondrial function, leading to poor oocyte quality.
Maternal IR disrupts the development of premature oocytes IR exerts different effects on GV and MII oocytes. In hyperinsulinemic mice, aggregated mitochondrial clusters and higher △Cm in GV oocytes denote high metabolism. Interestingly, GV oocytes did not show increased mtDNA copy numbers in insulin-resistant mice. Thus, the results indicate that the oxidant metabolism in GV oocytes increases in hyperinsulinemic mice. Moreover, the perinuclear mitochondrial distribution showed no notable increase 48h after PMSG injection, which may confirm GV oocyte maturation arrest. Maternal diabetes delays meiotic maturation of GV oocytes by adversely affecting cAMP-activated protein kinase activity and cellular metabolism in murine oocytes (Ratchford et al., 2007) . Insulin can increase mitochondrial transcript levels and ATP production in healthy people, but not in people with type 2 diabetes (Stump et al., 2003) . Nagano reported that unusually high levels of ATP in the ooplasm at the GV stage may indicate a disruption of oocyte functions for ATP consumption, leading to low maturation and a subsequent decreased developmental ability (Nagano et al., 2006) . IR is associated with decreased mitochondrial numbers and lower ATP synthesis in human muscle (Petersen et al., 2004) . The reason why IR causes increased metabolism in GV oocytes requires further investigation.
Maternal IR compromises organelles in oocyte cytoplasm
Changes in the redox state and the mitochondrial activity contribute to defects in spindle formation and chromosome segregation, and reduce the oocyte developmental potential (Zhang et al., 2006) . High ROS in oocytes may affect the viability and integrity of various organelles and the cytoskeleton, thus impairing their activity, organization and distribution (Kogo et al., 2011) . The GSH protects the spindle against oxidative damage and maintains the meiotic spindle morphology (Zuelke et al., 1997) . Abnormal mitochondrial metabolism during OS caused defective spindles and misaligned chromosomes in MII oocytes. In addition, our results showed that in vivo MII oocytes from insulin-resistant mice displayed a partial premature CG exocytosis (PCE). OS impaired the cortical membrane exocytosis (Bierkamp et al., 2010) , which may contribute to a partial premature CG exocytosis in insulin-resistant mice. These results are essential for understanding the detrimental embryo development and increased miscarriage risks in hyperinsulinemic and insulin-resistant individuals (Zhang et al., 2006) .
Fully grown oocytes regulate the function of cumulus cells, while nutritional support from cumulus cells is essential for the growth and development of the oocyte (Eppig, 2001) . Oocytes utilize glucose poorly as an energy substrate. However, oocyte-derived bone morphogenetic protein 15 and fibroblast growth factors co-operate to promote glycolysis in cumulus cells (Sugiura et al., 2007) . Obesity and hyperinsulinemia significantly affected oocyte quality, which may be associated with relative higher glucose levels through a combination of higher follicular glucose levels and increased activity of glucose transporters within cumulus cells in insulin-resistant mice (Sutton-McDowall et al., 2010) . Impacts on the mitochondrial distribution, ATP synthase activities and mitochondrial membrane potential, as well as increased oxidative damage were observed in the type 2 diabetic heart and this may result from the modulation of spatially distinct mitochondrial proteomes (Dabkowski et al., 2010) . Next, the interaction of oocytes with cumulus cells insulin-resistant mice needs clarification.
In conclusion, the present study demonstrates that OS occurs in the GV and MII oocytes of insulin-resistant mice, and IR impairs mitochondrial function. Specifically, we firstly reported that IR leads to high energy metabolism with early apoptosis in GV oocytes, which affected oocyte maturation and was associated with poor quality oocytes. Importantly, this work provides new insights into possible treatment options for infertility and PCOS patients with IR, thereby improving their fertility and decreasing the risks of miscarriage.
